Abstract: Polypropylene owing to its apolar nature suffers from compatibility problems with clay, which is partially polar even after the surface modification with alkyl ammonium ions. To circumvent this limitation, polypropylene nanocomposites have been synthesized by using two methodologies: a) partial polarization of the matrix by the addition of low molecular weight compatibilizer which owing to its amphiphilic nature acts towards compatibilizing the polymer and inorganic phases and b) by completely organophilizing the clay surface by using filler surface modification with long alkyl chains and with higher chain density. The addition of compatibilizer leads to better filler delamination and better mechanical performance, however, the modulus decreases after a certain extent of compatibilizer owing to plasticization of matrix. The permeation properties were observed to be affected negatively owing to mismatch of the polar compatibilizer chains with apolar surface modification chains. The second methodology, on the other hand, leads to simultaneous improvement of mechanical and gas barrier properties. Better organophilization of the filler surface reduces the attractive forces between the platelets further and increases their potential of exfoliation in the polymer matrix. Other advanced surface modifications dealing with chemical reactions on the surface of the filler have also been reported to increase the basal plane spacing.
INTRODUCTION
Polypropylene is a polymer of choice for a large number of applications. It has a low density of 0.90 g/cm 3 , high crystallinity as well as low cost. The products made out of polypropylene can also withstand high temperature, boiling water etc. owing to its higher softening point and dimensional stability. To expand the spectrum of applications of polypropylene, composites by the incorporation of inorganic fillers in the polymer matrix have been generated for long. Different types of inorganic fillers like silica particles, talc, mice, clay, vermiculite etc. have been commonly used. Conventional composites required the addition of a large amount of filler to achieve significant enhancement in the composite properties. These higher amounts of fillers with high density caused the conventional composites to become bulky as well as hindered the optical transparency of the polymer which is an important requirement for applications in packaging industry. By the advent of polymer nanocomposites, in which the layered silicate high aspect ratio clay platelets of 1 nm thickness (mostly montmorillonite) could be dispersed at the nanoscale in the polymer matrix, tremendous improvements in the composite properties were reported at very low filler volume fractions [1, 2] . The layered silicate filler platelets are polar in nature and have alkali metal or alkaline earth metal cations adsorbed on the surface which owing to electrostatic forces of attraction lead to the formation of thick *Address correspondence to this author at the Petroleum Institute, Chemical Engineering Department, Abu Dhabi, UAE; Tel: 0097126075491; E-mail: vmittal@pi.ac.ae tactoids of platelets held together thus forming interlayers in between. The compatibilization between the polymer and inorganic phases was achieved by suitable surface modifications of the filler which are generally achieved by exchanging the alkali metal or alkaline earth metal cations on the surface of filler platelets with long chain alkyl ammonium ions. When the platy filler is dispersed in the polymer matrix at nanoscale, it leads to the generation of a large extent of interfacial contacts between the polymer and the filler which leads to the generation of altogether different morphology at the interface and better stress transfer, heat transfer and barrier to gases or water vapor is achieved. Owing to the nanoscale dispersion of the thin filler platelets in the polymer matrix, the required property enhancements are thus achieved at low filler volume fractions which helps the composite to retain optical clarity as well as low density. Polar polyamide based nanocomposites were initially reported by Toyota researchers where owing to better match between the polar polymer matrix and polar filler substrates, the filler delamination in the matrix was very efficient [1, 2] . Nanocomposites based on other polar polymers have also been reported with enhanced mechanical, thermal and gas barrier properties [3] [4] [5] [6] [7] [8] . As polypropylene has a large number of commercial applications, it is also of interest to achieve nanocomposites of polypropylene in order to further enhance the spectrum of its applications as well as to enter the market of engineering plastics. The incorporation of platy filler can be particularly beneficial in improving the gas permeation properties as the platelets increase the mean path length of the permeant molecules diffusing through the composite. Being non-polar in nature, however, the intercalation of polypropylene chains in the partially polar filler interlayers and subsequent filler delamination is thermodynamically unfavorable. As a result, a complete delamination of the filler in the polypropylene matrix is not achieved by simple melt mixing of the polymer and modified clay. This thus has also resulted in non-optimal enhancement of properties which are generally dependant on the morphology of the composites. Advances in the filler delamination in the polymer have been made by either polarizing the polymer matrix to improve interactions with the filler or by organophilizing the filler better to achieve entrapment of the filler platelets in polymer by shear. In this regard, advanced filler surface modifications which provide increased potential of extensive filler exfoliation in the polymer matrix have also been developed. These advances are detailed in the forthcoming sections with a focus of developing polypropylene nanocomposites with better mechanical as well as gas barrier properties simultaneously. The simultaneous enhancement of mechanical and gas barrier properties need to be stressed because the barrier properties of nanocomposites have generally been neglected and it is assumed that the enhancement in the mechanical performance of the composites leads to automatic improvement in the gas permeation resistance, which may not be necessarily true.
THEORETICAL AND EXPERIMENTAL ASPECTS
Toyota researchers [1, 2] reported the synthesis of the polyamide nanocomposites by monomer intercalation method. In this method, the monomer is first intercalated into the clay interlayers followed by polymerization which leads to expansion of the filler interlayers by more and more polymer intercalating during the polymerization. To generate polymer nanocomposites with already formed high molecular weight polymers, i.e., without generating the polymer in presence of filler, Giannelis and co-workers [9, 10] reported the technique of melt mixing in which the polymer is melted at high temperature, to which the filler is then added and mixed under shear. This method is beneficial as it is very compatible with the common polymer processing operations and thus has become a preferred method for nanocomposite synthesis. The other reported method of solvent intercalation also requires the use of solvent which is not feasible in many cases owing to processing or economic constraints.
Lattice model theory [11] was also used to understand the intercalation of molten polymer chains in the filler interlayers. The authors suggested that the intercalation of polymer chains in the interlayers was governed by the interplay of entropic and enthalpic factors. The authors defined the enthalpy of mixing to consist of two components: apolar unfavorable interactions arising from the interaction of polymer chains with the modifier chains (apolar) ionically bound to the filler surface and polar interactions which are result of interaction of polar filler surface with the polymer chains. It was also reported that the mixing of the polymer and filler can be improved by maximizing the favorable interactions between the polymer chains and layered silicate surface and on the same hand by minimizing the unfavorable interactions between the polymer chains and surface modification molecules immobilized on the filler surface. However, these considerations are valid for polar polymers as in the case of polypropylene, there is no interaction between the apolar polymer chains and the polar layered silicate surface. On the other hand, the interactions between the polar layered silicate surface and the apolar polypropylene chains can be improved if the polymer matrix is also partially polarized e.g. by the addition of low molecular weight compatibilizers or surfactants to the matrix. These surfactants or compatibilizers are amphiphilic in nature as these can interact with the polar filler surface as well as mix well with the apolar polymer chains thus bringing out better compatibility between the composite phases, the compatibilizer is observed to intercalate the filler interlayers first with possible subsequent intercalation of polypropylene chains. Other theoretical studies [12] [13] [14] implying the use of self consistent models have also predicted similarly that in the absence of an interactions of the apolar polyolefin chains with the filler, the best microstructure expected is the intercalated morphology without exfoliation of the filler. These studies also predicted that the thermodynamic state of the system could be enhanced by the use of filler surface modifications which are longer in length as it would push the filler platelets further apart thus reducing the electrostatic forces of attraction holding the platelets together. Thus, even in the absence of any attractive forces between the polymer and filler, the use of longer chain surface modification was opined to improve delamination of the filler. The grafting density of the immobilized modifier chains on the surface of the filler was reported to be a significant factor which needed to be controlled as the density should not be too low or too high. Too low density would not allow the surfactant chains to have slant position on the surface thus the molecules may lie parallel to the filler surface thus keeping the forces between the platelets intact. Too high density, on the other hand, was predicted to resist mixing with the polymer chains as no space would be available for the polymer chains to interact with the surface. But this prediction again suits for the polar polymer as in the case of apolar polypropylene, such interactions are not feasible, except the case when the polypropylene matrix is partially polarized by the addition of compatibilizers. Thus, in the case of polypropylene without the addition of compatibilizer, one can expect that by increasing the grafting density of the surfactant molecules on the surface, once can have better interlayer spacing between the platelets which subsequently leads to weaker attraction forces between them, thus, these platelets can be expected to be delaminated only by the action of shear when compounded with the polymer at high temperatures. Thus, a partial delamination of the filler can still be expected even when there are no thermodynamic forces favorable for the intercalation of polymer chains in the filler interlayers. The systems in this case would resemble more like of kinetic entrapment of the filler platelets in the polymer melt.
Thus, based on the above mentioned considerations, two different routes for the synthesis of polypropylene nanocomposites have been reported. The first, which is also the most commonly used route, is achievement of the partial polarization of the polypropylene matrix by addition of low molecular weight compatibilizers. The generally used compatibilizer for polypropylene nanocomposite systems has been polypropylene-g-maleic anhydride. As mentioned above, owing to its amphiphilic nature, these copolymers can interact with both the phases of the composites and help to compatibilize them together. The second route, where the addition of compatibilizer is not performed, is based on complete organophilization of the filler by modifying the surface with long alkyl chain modifications or with modifications with higher chain density or also by properly exchanging the conventional alkyl ammonium ions on the surface so that there is no excess of the surface modification molecules left on the surface which can degrade at low temperatures during the compounding process. This route thus focuses on the delamination of the filler only with shear.
Apart from exchanging pre-formed alkyl ammonium chains on the surface of the filler platelets, the other routes of surface modification of the filler to reduce the interaction forces between the platelets to minimum have also been developed. These routes are necessary because the pre-formed alkyl ammonium based modifications cannot be long enough to eliminate the attractive forces between the platelets owing to their solubility constraints. Thus, to circumvent these limitations, two step modification processes have been used, in such modification processes, the surface is first exchanged with an initiator or monomer group containing surface modification of easily exchangeable length. Then this reactive group is used to polymerize the externally added monomer so that to graft the polymer chains on the surface. This way longer chains can be attached to the filler surface an there is also no solubility constraint. Physical adsorption of the polymer chains on the surface of already modified montmorillonite platelets has also been reported. In this case, the physical adsorption of the polymer chains as a second step covers the spaces left after first modification reactions and, thus, reduces the attractive forces between the filler platelets.
Also, it should be noted that the filler platelets have been conventionally modified with ammonium based alkyl chains to synthesize the polypropylene nanocomposites. As the polypropylene nanocomposites are generated by melt compounding the filler with the polymer melt at high temperature, thus, the thermal stability of the surface modification should be high. However, the alkyl ammonium ions have the onset of degradation around the same temperature used for compounding and it has been reported that the degradation of even a small amount of filler surface modification can bring about a significant deterioration at the interface between the polymer and filler. The degradation products can also interact with the polymer thus degrading its molecular weight and mechanical performance, and as the interfacial interactions are disturbed, it also negatively impacts the barrier performance of the nanocomposites. Thus, it is also of importance to control the thermal degradation of the filler modification and subsequently the polymer. Polymer compounding temperature should be chosen so that is high enough to melt the polymer and the polymer viscosity is suitable to mix well with the modified filler, but on the other hand, it is not too high to thermally degrade the system. Similarly the compounding time also should be so that it allows homogenous mixing of filler and polymer, but on the other hand, one should not compound for too long so as to induce extensive thermal degradation of the organic matter. Other possibility is the use of more thermally stable modifications like modification based on imidazolium phosphonium, pyridinium ions etc. instead of ammonium. Modifications based on these thermally stable ions have higher onset of degradation temperatures and can resist the thermal degradation of the modification and hence polymer even when higher compounding temperatures or longer compounding times are used. The forthcoming sections would focus on the ammonium based as well as imidazolium based modifications for the fillers and subsequently synthesis of their composites with polypropylene and their mechanical and oxygen barrier properties. Further specialty modifications generating increased extent of organic matter in the filler interlayers would also be mentioned.
Modeling of composite properties is also important in order to predict the composite behavior, to fine tune the synthesis process and to design the materials according to need. There are a number of methods available to model the composite properties: micro-mechanic models, design of experiment methodologies, finite element methods etc. The end section would focus on the use of these methods to predict the properties of both compatibilized as well as noncompatibilized polypropylene nanocomposites.
NANOCOMPOSITES WITH AMMONIUM BASED FILLER MODIFICATIONS
As mentioned above, the compatibilizers like polypropylene-g-maleic anhydride (PP-g-MA) have been extensively used for the synthesis of polypropylene nanocomposite, as observed from a number of studies [15] [16] [17] [18] [19] [20] [21] [22] [23] [24] [25] . The molecular weight of the compatibilizer was reported not to affect the composite properties. The filler delamination was observed to enhance as a function of amount of compatibilizer on the system. The extent of maleic anhydride grafting on the polypropylene chains was a deciding factor for the compatibility between the polymer and compatibilizer.
In one such study on the polypropylene nanocomposites, different compatibilizers were used in order to study the effect of the characteristics of the compatibilizers on the microstructure and properties of nanocomposites [26] . Filler modified with dioctadecyldimethylammonium was used and the amount of filler was fixed at 3 vol% in order to quantify the effect of compatibilizers. The first compatibilizer, PP-g-MA1 had a high molecular weight owing to its low MFI and its maleic anhydride content was low. The second compatibilizer PP-g-MA2 had a number average molecular weight of 3900 (weight average of 9100) and had 4 wt % of maleic anhydride content. It had thus 3.7 MA units per polymer chain, thus, making it a high MA compatibilizer. It was also of interest to study the performance of block copolymer with grafted copolymer on the composite properties. As the block copolymers of polypropylene with other polar polymers are not available, PP-b-PPG (polypropylene glycol) was synthesized by the reaction of PP-g-MA2 with polypropylene glycol monobutyl ether. Although the resulting block copolymer was generated from a grafted copolymer and thus is not strictly a diblock copolymer, but its performance can be related more to a block copolymer than the grafted copolymer. This compatibilizer also had the maximum polarity of the three compatibilizers. A low value of compatibilizer/OMMT weight ratio of 0.16 was used in the composites so that the compatibilizer does not affect significantly the crystal structure of polymer.
The basal plane values of the filler were observed to marginally improve on the addition of compatibilizers indicating intercalation of the polymer in the interlayers. Apart from that, the polarity of the compatibilizers was also significant as the increase in the basal plans spacing was proportional to the polarity. It is expected as the filler interlayers are still partially polar after the surface modification and they attract the polar molecules. The characterization of morphology by transmission electron microscopy also indicated the enhanced delamination of the filler on the addition of compatibilizers. However, as reported by X-ray diffraction, complete filler exfoliation was not observed and the morphology was mixed with the presence of both exfoliated and intercalated (in varying degrees) platelets. Table 1 shows the tensile properties of the compatibilized nanocomposites in comparison with pure polymer as well as composite without compatibilizer. Tensile modulus was enhanced on the addition of compatibilizers owing to enhanced delamination of filler in the matrix. The other properties were observed to decrease as compared to pure polymer owing to the presence of filler tactoids as well as strain hardening of the polymer chains trapped in the filler interlayers. The yield strain and breaking stress were occasionally higher than in the case of composite without compatibilizer owing to the weak plasticizing effect of the compatibilizers.
The oxygen permeation is generally expected to decrease with filler exfoliation. However, oxygen permeation through the composite films was observed to increase in the case of composites with PP-g-MA1 and PP b-PPG compatibilizers, whereas it was almost unchanged in the case of PP-g-MA2. Thus, automatic assumption of improvement of oxygen barrier with mechanical properties does not hold true as the deterioration of the permeation behavior happened parallel to improvement in mechanical performance. The reason behind the deterioration of the barrier properties can be related to the compatibility of the treated clay with the compatibilizer molecules. Although the compatibilizer molecules improve the filler delamination by adsorbing on the surface but their incompatibility with the filler surface modification can lead to the generation of microvoids or increased free volume at the interface. Thus. the decrease in the oxygen permeation owing to filler exfoliation is negated by the increase in permeation owing to voids or increased free volume. Similar effects have also been seen for other polymer nanocomposite systems [27, 28] . Mechanical properties owing to their macro nature seem to remain independent or less affected by such micro voids. To further elucidate the effect of compatibilizer on the composite microstructure and properties, the composites with increasing extent of compatibilizer were synthesized. Fig. (1) shows the X-ray diffractograms of the composites with 2, 4, 6 and 8 wt% of the PP-g-MA2 compatibilizer. The filler diffraction peaks were observed to shift to lower angles as a function of compatibilizer weight fraction indicating higher extents of intercalation. The presence of diffraction peak even in the case of composites with 8 wt% compatibilizer indicated that the complete exfoliation of the filler could still not be achieved. Also, the increase in basal plane spacing was abrupt after 4 wt% of compatibilizer indicating a non-linear increase of basal plane spacing with compatibilizer extent.
Tensile properties of composites with increasing compatibilizer fraction have been detailed in Fig. (2) . The modulus first increased, but later on decreased owing to plasticization of the matrix at higher weight fractions of com- patibilizer. There seemed also a balance between the filler exfoliation and matrix plasticization on increasing the compatibilizer amount. Stress at break was observed to increase owing to similar plasticization effect. Yield strain of the composites decreased indicating the presence of brittleness and incomplete filler exfoliation. The oxygen permeation through the composites as a function of compatibilizer fraction is depicted in Fig. (3) . There was practically no change in the oxygen permeation as a function of increasing compatibilizer content. One reason for this could be nonintercalation of compatibilizer in the interlayers, but it was not true as observed from X-ray diffraction studies. Thus, the earlier mentioned balance between the improvement of oxygen barrier by filler delamination owing to increase in compatibilizer content and increase in permeation owing to mismatch between the compatibilizer and filler surface modification was observed to play a role. The thermal properties of the composites, on the other hand, were not deteriorated by the presence of even 8 wt% of the compatibilizer in the system.
The other route of organophilization of the filler surface without polarizing the polymer matrix may be expected to eliminate the unfavorable interactions between the compatibilizer chains and the filer surface modifications. Fig. (4) shows a representation of montmorillonite platelets modified with trioctadecylmethylammonium and tetraoctadecylammonium ions [29] . As mentioned above, the increased chain density as well as chain length in the filler modification can reduce the attractive forces between the platelets as the distance between them is increased. Apart from that, a mentioned earlier, it is also important to ascertain the complete ion exchange as well as filler surface free from any excess surface modification as these factors also affect the composite microstructure. In a representative study [30] , polypropylene nanocomposites without the use of conventionally used compatibilizers were reported. The filler surface modifications included octadecyltrimethylammonium (C18), dioctadecyldimethylammonium (2C18), trioctadecylmethylammonium (3C18), benzylhexadecyldimethylammonium (BzC16) and docosyltriethylammonium (C22). Montmorillonites with two different cation exchange capacities (Cloisite with 880 eqg -1 and Nanofil with 680 eqg -1 ) were also used. Fig. (5) shows the impact of increasing chain density in the surface modification on the permeation properties of 3 vol% polypropylene nanocomposites. It is clearly visible that increasing basal plane spacing in the filler on increasing filler modification chain density had a significant effect on the permeation performance of the nanocomposites. The increased basal plane spacing in the filler decreased the attractive forces between the platelets and made the fillers more susceptible to exfoliate when sheared at high temperature with the polymer during melt mixing. The cation exchange capacity also had an influence on the permeation behavior as the higher cation exchange capacity filler led to better oxygen permeation resistance. This is owing to the fact that higher cation exchange capacity means lower area per cation available for the filler modification on the surface, which thus helps to increase the angle of the modification molecules with the surface subsequently increasing the basal plane spacing. The oxygen permeation also decreased as a function of filler volume fraction as shown in Fig. (6) . A reduction of 35% in the oxygen permeation in the composite containing 3 vol% of the dioctadecyldimethylammonium modified filler was observed as compared to pure polymer. The oxygen permeation decrease was observed to level off at 3 vol% filler fraction as the increased amount of the filler did not lead to further improvement in oxygen barrier performance. The dotted line in Fig. (6) also represents the comparison of the experimental values and theoretical predictions. Considering that the platelets are aligned in the composite, the average filler aspect ratio was observed to be roughly 30. But, as the filler platelets are generally misaligned in the composites, the assumption of aligned platelets does not hold true and one should consider the case of completely misaligned platelets. By considering this, an average aspect ratio of filler platelets was observed to be 100. The decreases in the oxygen permeation as well as theoretical prediction of average aspect ratio of 100 clearly indicate that some extent of filler delamination must have taken place to affect the oxygen permeation of the composites significantly. (7) also shows the TEM micrograph of the 3 vol% dioctadecyldimethylammonium modified clay -polypropylene nanocomposite. The morphology of the composite was observed to be mixed with a portion of the filler exfoliated as single layers, along with the presence of filler tactoids with 2-3 platelets together and thicker tactoids. This confirms the earlier notion that a partial exfoliation of the filler did take place even without the addition of conventionally used compatibilizer.
The clay platelets were observed to be bent and folded, which also confirms the assumption of misaligned platelets considered for the calculation of average aspect ratio of platelets. Another thing to note here is that no intercalation was suggested in the X-ray diffraction as the filler diffraction peaks were not affected in the composites. But by the action of shear, it can still be expected that the filler tactoids get thinner which is also confirmed by the oxygen permeation and microscopy studies. Also, the properties improved for all the fillers owing to the fact that the fillers surface were ensured to be clean, the cation exchange was always controlled to be near to 100% and the polymer compounding temperatures and times were also optimized to avoid any thermal degradation. Fig. (7) . TEM micrograph of the 3 vol% dioctadecyldimethylammonium modified clay -polypropylene nanocomposite. Reproduced from reference 30 with permission from Wiley.
Mechanical properties of the composites were also observed to enhance [31] . Importance of increased basal plane spacing in the filler on the potential of filler exfoliation during compounding is further shown in Fig. (8a) . The tensile modulus of the composites using fillers of two different cation exchange capacities was observed to slightly increase on enhancing the basal plane spacing, a finding similar to oxygen permeation behavior. Fig. (8b) also shows this behavior for C18, 2C18 and 3C18 based composites for both M680 (Nanofil) and M880 (Cloisite). The tensile modulus had a clear dependence on the extent of distance between the interlayers, which is related to their potential of exfoliation in the polymer during compounding. Tables 3 and 4 also show the detailed tensile behavior of composite with differ- ent filler substrates. Apart from other modifications, a mixed brush of didodecyldimethylammonium and dioctadecyldimethylammonium (2C12/2C18) was also generated on the surface of fillers in order to obtain information on possible phase separation of the mono-brush modifications from the polymer. The increase in modulus in all the cases leads to the indication of partial exfoliation of the filler. The decrease in other mechanical properties as compared to pure polymer indicate incomplete exfoliation of filler, brittleness of polymer due to the presence of residual filler tactoids, stain hardening of the polymer chains intercalated in the filler interlayers etc. The tensile modulus was also observed to decreases almost linearly as a function of filler volume fraction as shown in Fig. (9) for dioctadecyldimethylammonium modified filler (M880) polymer system. At 4 vol% fraction of the filler, the tensile modulus increase by 45% as compared to pure polypropylene.
The presence of clay can also change the crystallinity of polymer in the composite, therefore, it is important to ascertain this effect so that the improvement in the composite properties can be appropriately attributed to different factors. As observed in Table 5 , increasing the amount of clay in the polymer composites, the clay did not have any influence on crystallization and melting behavior of the polymer in the composites. Melt enthalpy and thus the degree of crystallinity were also unchanged. Thus, the influence of volume fraction on the gas permeation and mechanical properties can be attributed completely to the partial delamination of the filler. 
NANOCOMPOSITES WITH IMIDAZOLIUM BASED FILLER MODIFICATIONS
As stated earlier, the ammonium ion based filler surface modifications have onset of degradation near to the compounding temperatures generally used for the synthesis of polypropylene nanocomposites, thus, one has to be careful while deciding compounding temperatures and time. Use of thermally stable medications has also been reported to circumvent this limitation [32] [33] [34] . In one such study, imidazolium based modification 1-decyl-2-methyl-3-octadecylimidazolium bromide was synthesized and exchanged on the surface of the montmorillonite platelets [32] . Composites with different volume fraction of this filler were then generated and characterized for their properties. Fig. (10) shows the oxygen permeation properties of the composites as a function of filler volume fraction. The performance of both ammonium and imidazolium modified montmorillonite systems has been showed. It was observed that the imidazolium based nanocomposites had better performance than the ammonium based composites owing to better thermal stability which would have eliminated the thermal degradation of the organic modification during compounding and its subsequent reaction with the polymer matrix. Even a small extent of thermal damage to the organic modification can be detrimental to the sensitive barrier properties which are affected by the interface between the polymer and filler. The thermogravimetric analysis studies on the imidazolium and ammonium modified montmorillonites revealed that the onset as well as peak degradation temperatures were shifted to higher temperatures in the case of imidazolium modification. The onset of degradation in the case of imidazolium muddied filler was 50°C higher than the corresponding ammonium modified filler, whereas his difference was 35°C in the case of peak degradation temperature. The dynamic thermogravimetric analysis also revealed that the amount of weight loss was more in the case of ammonium system as compared to imidazolium ions during the same amount of time. Though the difference in the weigh loss during this period of time was not significantly different, but the thermal degradation of even a small extent of surface modification molecules can change the interface between the polymer and filler, which affects the barrier properties more dearly. A decrease of 45% in the oxygen permeation at 4 vol% filler was observed in imidazolium system as compared to 35% decrease imidazolium system as compared to 35% decrease in the ammonium system. Also, the ammonium system was observed to level off at 3 vol%, whereas the imidazolium system showed more linear decrease even after 3 vol% filler fraction. Another thing to note here is that the basal plane spacing in the imidazolium modified filler was lower as compared to ammonium modified filler owing to lower area of cross-section of imidazolium ions. Thus, the oxygen permeation was significantly better even in the case when basal plane spacing was lower. By increasing the chain length and chain density in the modification, further improvement in the oxygen barrier performance can be expected. low, even then partial exfoliation of the filler still took place. Similar to the ammonium system presented in last section, in this case too, there was no increase in the basal plane spacing of filler in the composite, but the tactoids could be reduced by shear in the compounder as represented by microscopy analysis and oxygen permeation properties. The tensile modulus of the composites was also observed to improve significantly. An increase of 35% in the modulus as compared to pure polypropylene at 4 vol% filler fraction was observed. The improvement was not as high as observed in the case of dioctadecyldimethylammonium modified filler owing to the low basal plane spacing of the imidazolium filler, as stated earlier. The properties of the nanocomposites were thus observed to be a result of two factors: improved thermal stability and lower extent of filler exfoliation owing to lower basal plane spacing. Fig. (12) also shows the correlation between the decrease in the relative oxygen permeability and increase in the relative tensile modulus of the imidazolium nanocomposites as a function of filler volume fraction. A good correlation exited between the two, indicating synergistic improvement in the properties. The imidazolium modified filler was also tested for its effect on the crystallinity of polypropylene in the composite. Similar to ammonium based modification, the inclusion of imidazolium treated montmorillonite did not change the crystallinity of the polymer in the processing conditions used.
The use of compatibilizers in combination with imidazolium modified montmorillonites was also reported [35] . Same compatibilizers as discussed in the case of ammonium modified montmorillonite systems were used. Fig. (13) shows the X-ray diffractograms of the pure imidazolium filler and 3 vol% composites with and without 2 wt% of compatibilizers. The basal plane spacing of the fillers was only marginally improved by the addition of compatibilizers partially owing to the low initial basal plane spacing of imidazolium modified montmorillonite. However, the increase was a function of polarity of the compatibilizers, as reported earlier. In the case of most polar compatibilizer PP-b-PPG, the basal plane spacing of the filler in composite was observed to be 2.51 nm as compared to 2.24 nm for the modified filler. However, the microscopy analysis indicates that though complete exfoliation of the filler did not take place, the tactoid thickness was nonetheless reduced and the filler was partially exfoliated. Fig. (12) . Correlation between the decrease in the relative oxygen permeability and increase in the relative tensile modulus as a function of filler volume fraction. Reproduced from reference 32 with permission of Elsevier. Table 6 shows the tensile properties of the compatibilized nanocomposites with filler volume fraction fixed at 3%. All the compatibilizers were observed to increase the tensile modulus of the composites as compared to the composite without compatibilizer owing to increased extent of exfoliation on addition of compatibilizers. A weak plasticization of the polymer matrix was also indicated by the increase in the yield strain of the composites with compatibilizer as compared to the composite without compatibilizer. Other tensile properties like yield stress and the stress at break were also observed to be almost unchanged as the composite without compatibilizer indicating the presence of brittleness and incomplete filler exfoliation. Oxygen permeation of pure polymers and polymer nanocomposites containing 3 vol% filler modified with imidazolium ions with and without 2 wt% of various compatibilizers is also shown in Table 7 . The permeation through the composite films containing compatibilizer decreased as compared to the pure polymers but the decrease was either lesser or same as the composite without any compatibilizer. This behavior was already reported in the case of polypropylene nanocomposites with ammonium modified montmorillonites [26] . As the blend of polypropylene and the compatibilizer without clay did not have significant effect on the permeation properties, and the composite of polymer and clay has reduction in the oxygen permeation, therefore, the increase in the oxygen permeation in the polymer-compatibilizer-clay system can only be due to interactions between the clay and compatibilizer. As reported earlier, the incompatibility of the polar compatibilizer chains with the apolar surface modification chains leads to the generation of microvoids at the interface which affect the sensitive permeation properties negatively. Thus the enhancement in filler exfoliation by the addition of compatibilizer is deteriorated by this incompatibility.
The impact of compatibilizer on the thermal performance of the polymer nanocomposites is also necessary owing to its low molecular weight. Also, as incorporation of only 2 wt% of the compatibilizer is observed to impact the mechanical and permeation properties significantly, therefore, it may be possible that the thermal performance is also affected. Fig.  (14) shows the thermogravimetric analysis of pure PP, PP-g-MA2, imidazolium modified montmorillonite and 3 vol% polypropylene nanocomposite with 2 wt% of PP-g-MA2 compatibilizer. It was observed that the addition of compatibilizer did not degrade the thermal behavior of the composite. The thermal degradation behavior of the composite was indicative of the synergism between the thermal behaviors of organic and inorganic components of the composite. 
MODELING OF POLYPROPYLENE NANOCOM-POSITES
As mentioned earlier, the modeling of nanocomposite properties is required to design the systems based on requirement and thus to control the microstructure development and composite properties [36] [37] [38] . Various micromechanical models have been developed over the years to predict the mechanical response of the particulate composites. Halpin Tasai model has received special attention, though it is required to modify the model to fit with the polymer nanocomposites technology. The assumptions of complete filler alignment, perfect adhesion at interface etc. do not hold true for the case of polypropylene nanocomposites. Incomplete exfoliation of the filler is another factor which needs to be incorporated in the model. The model has recently been modified in order to accommodate the effect of incomplete exfoliation and misorientation of the filler, but the effect of imperfect adhesion at the surface still needs to be incorporated [39] [40] . Fig. (15) shows the relative tensile modulus of polypropylene nanocomposites at different inorganic volume fraction of dioctadecyldimethylammonium modified montmorillonite ( :-experimental) compared with the theoretical lines representing different number of platelets in the stack generated by modified Halpin Tasai models incorporating the effects of incomplete filler exfoliation as well as filler misalignment. The composites with 1 vol% of the filler, the average number of platelets in the stack was observed to be between 20-25, which increases with increasing the filler volume fraction. 20-25 platelets per stack generate a too low value for the aspect ratio as compared to roughly 100 obtained from finite element modeling of the oxygen permeation properties. However, a significant limitation of the micro-mechanical models is the assumption of bonding between the phases at interface, which is not the case for polypropylene nanocomposites.
Design of experiments methodology using factorial and mixture designs has also emerged as an alternative tool for the prediction of composite properties [41] . The various fac- No compatibilizer 57
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PP-b-PPGtors studied for the factorial design are volume fraction of inorganic clay, cation exchange capacity of the montmorillonite (MMT) substrate, and number of octadecyl chains in the ammonium modification ion exchanged on the clay surface. The constrained mixtures design includes the components as weight percent of polymer matrix, organic modification, and inorganic filler as compared to the total weight of the mixture. The mixtures design for compatibilized nanocomposites is also studied by using the components weight percent of polymer, organically modified clay, and the compatibilizer. Unlike conventional models which depend on oversimplified assumptions, which are not applicable in reality, these models do not suffer from these limitations and can still predict the composite properties using a set of simple equations. Fig.  (16) shows a representative surface plot for the factorial design for prediction of oxygen permeation of polypropylene nanocomposites. A basic set of experimental results were input in the model equations and to check the resulting model, the predicted oxygen permeation properties were also checked experimentally. The experimental and theoretical values were observed to narrowly match with each other thus confirming the superiority of the model.
ADVANCED FILLER SURFACE MODIFICATIONS
The increased chain length in the surface modification was observed to have significant effect on the microstructure and properties of polypropylene nanocomposites [30] . Thus, it is of interest to exchange much longer surface modification chains on the filler surface which can help to totally eliminate the attractive forces between the platelets. But exchange of long surface modification chains is not straightforward owing to their solubility concerns. Also, long alkyl ammonium ions are not generally available. To circumvent these limitations, a number of different routes of advanced filler surface modification have been reported. The first method involves the exchange of reactive surface modifications on the surface and their subsequent chemical reactions with long alkyl chain molecules to increase the basal plane spacing [42] . An example is shown in Fig. (17a) where the filler surface is first modified with modifications with terminal OH groups. These groups can then be esterified with long chain acids to improve the interlayer spacing. A more specific example is shown in Fig. (17b) where the reaction of benzyldibutyl(2-hydroxyethyl)ammonium chloride (Bz1OH) with long chain dotriacontanoic acid is depicted. It was observed that when the montmorillonite modified with benzyl(2-hydroxyethyl)methyloctadecylammonium chloride (BzC18OH) was reacted with dotriacontanoic acid, the basal pane spacing of the filler increased from 2.06 nm before esterification reaction to 2.96 nm after esterification reaction. Much better improvement in the basal plane spacing was observed when number of OH groups in the surface modification molecules were increased. As a result, when bis(2-hydroxyethyl)methyl hydrogenated tallow ammonium (C182OH) modified montmorillonite was reacted with dotriacontanoic acid, the basal plane spacing was observed to increase to 5.27 nm after esterification reaction as compared to 1.79 nm for the montmorillonite before reaction.
The second method is more versatile method as it allows the generation of oligomeric chains of different polymers on the surface of the filler and the length of these chains can also be controlled by the use of living polymerization conditions [43] . This method involves the immobilization of either a monomer (Fig. 18a) or an initiator on the filler surface which can then be used for co-polymerization with the externally added monomer (Fig. 18b) . This way, the polymer chains can either graft to the filler surface or can graft from the surface. The filler surface is generally only partially . (19) . Schematic of physical adsorption on the clay surface. Reproduced from reference 44 with permission from Elsevier. covered with the initiator or monomer molecules as the complete coverage of the surface with these molecules would generate a very large amount of chains attached to the surface and this may lead to phase separation with the polymer when the filler is compounded with it. It was observed that the filler basal plane spacing could be increased in the range of 3.4 nm -6.4 nm by using these polymer grafting trials either to the surface or from the surface.
Another method to improve the potential of filler exfoliation in the polymer matrix is the physical adsorption of long chain polar molecules on the surface of already modified montmorillonites [44] . Cross-sectional area of the ammonium ion cation exchanged on the montmorillonite surface is generally smaller than the area available per cation on the montmorillonite (medium cation exchange capacity). This leads to partially uncovered spaces or patches on the filler surface which, thus, hinders the complete organophilization of the filler surface and the forces holding the platelets together still remain. One solution is to increase the chain density in the organic modification and the results have already been reported in the earlier sections. The other possibility is to physically adsorb long chain molecules on the surface of montmorillonite already modified with conventional modification as shown in Fig. (19) . These molecules (e.g., long alkyl chain alcohols) can adsorb physically in between the gaps generated after modification with ammonium ions by forming H bonds. These bonds can be generated with the OH groups present either in the inside structure of clay crystals or on the edges of the platelets. The adsorption has also been reported to take place on the pre-adsorbed water molecules in the clay interlayers. It was observed that even the high molecular weight polymer like poly(vinylpyrrolidone) could also be adsorbed on the surface. The adsorption not only organophilized the filler platelets better by reducing electrostatic forces of attraction among them, but it was also observed that the thermal stability of the modified filler also significantly improved.
The modified fillers generated by these techniques represent high potential fillers with strong potential of easy and complete delamination in the polypropylene matrix.
